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Viruses are the smallest fruits on the tree of life. Dwarfed by their bacterial and cellular hosts, viruses and their
close relatives have long been considered the smallestmicrobes. The genome of a virusmay contain nomore
than three thousand nucleotides, compared to the three billion base pairs in human genomes. (Lest we feel
superior, though, the genomes of some other organisms are much larger than our own.)In recent years, however, we have learned
that these size differences are not abso-
lute and that the largest viral genomes
are bigger than the smallest bacterial
ones. Some of the viruses that infect
amoebae are gigantic, relatively speak-
ing. For example, the mimivirus capsid is
more than 1,000 times larger than that of
its miniscule parvovirus cousins, and its
genome contains about 1,000 genes,
more than some free-living bacteria
(Raoult et al., 2004). Many of these genes
encode proteins that were once thought
to be the sole responsibility of the host
cell. Sequencing has also revealed the
existence of ever smaller bacterial
genomes. The genomes of some para-
sitic, intracellular bacteria that use the
metabolic pathways of their host cells
are smaller than herpesvirus genomes
(McCutcheon and Moran, 2012).
But these are outliers, exceptions to the
rule, and even the largest viral genome is
far smaller than the genomes of eukary-
otic cells. Small genome size is perfectly
suited to virus replication, in which each
infected host cell produces many copies
of the viral genes from a single template.
Such exponential replication places
a premium on small genome size: the
smaller the genome, the faster it can
replicate. Not surprisingly, in collabora-
tion with their cellular hosts, viruses use
a number of strategies to minimize the
size of their genomes, including a para-
sitic lifestyle, use of repeating protein
subunits, genetic parsimony, and protein
miniaturization.
Free-living organisms carry a lot of
baggage. In order to survive, they must
synthesize proteins (a very complex
process requiring a vast and expensive
infrastructure: ribosomes, amino-acyl
tRNA synthetases, the tRNAs themselves,
a multitude of translation initiation factors,560 Cell Host & Microbe 11, June 14, 2012 ªand so on), generate energy (more expen-
sive infrastructure), maintain homeo-
stasis, construct and repair membranes,
and conduct all the other business of
life. Viruses have much more modest
goals: they must efficiently replicate their
genomes and transfer the copies into
new host cells. If they can accomplish
these tasks with minimal expenditure of
virus resources, so much the better.
Thus, viruses have adopted a parasitic
lifestyle. Lytic viruses enter the cell, repro-
gram it to neglect its own vital functions
and instead devote itself to making
many replicas of the virus, and then lyse
the cell to spread to new victims. It is
Invasion of the Body Snatchers on a
submicroscopic scale. And of course, if
cells supply the machinery required for
virus reproduction, the virus does not
need to encode the machinery itself. You
don’t need to bring your own books, if
you are going to the library.
Freed from the necessity of providing
the infrastructure of life, viruses can
concentrate on making copies of them-
selves. But there is a conundrum. The
combined molecular weight of the
proteins of a small virus particle, say
simian virus 40 (SV40), is approximately
20 million daltons. But the 5200 base
pair viral DNA genome can encode
proteins weighing only one-hundredth as
much. How do they pull this off? Just as
humans can erect massive buildings
from thousands of identical bricks,
viruses construct their capsids from
many copies of one or a few protein
subunits. SV40 does not build its capsid
from 360 different proteins; it uses 360
copies of one major protein, encoded by
a single gene (Liddington et al., 1991).
The use of repeating subunits not only
allows viruses to assemble capsids at
minimal genetic expense, but these little2012 Elsevier Inc.brick houses also protect their precious
genetic cargo in the harsh extracellular
environment. After they ferry this cargo
into cells, capsids have to release the viral
genome at the site of replication. So the
job description changes, and capsids
must become straw houses that fall apart
in the lupine intracellular environment.
That the same protein can do all this—
self-assemble into a complex, three-
dimensional array; protect the genome
from the elements; bind to cells and trans-
port the genome inside; and release the
genome at the site of replication—is a
testament to the versatility of viral proteins
and the power of natural selection.
In addition to discarding unnecessary
genes and reusing the blueprints for
the proteins it needs in greatest abun-
dance, viral genomes are parsimonious,
lacking the long stretches of noncoding
DNA found in cellular genomes. Rather,
protein-coding genes and signals are
closely juxtaposed, with no extraneous
nucleotides. Some viruses have also elim-
inated individual start and stop signals
for each of their proteins. Poliovirus
and hepatitis C virus express a single
long polyprotein that is posttranslationally
cleaved into its constituent functional
parts; SV40 large T antigen is a multifunc-
tional protein that carries out numerous
biological activities from independently
folded domains; retroviruses can attach
different segments at the C terminus
of proteins by ignoring or sliding past
stop codons; alternative mRNA splicing
allows various coding exons to be
joined in different combinations (Berk
and Sharp, 1978; Choo et al., 1989; Jacks
and Varmus, 1985; Jacobson and Balti-
more, 1968; Sullivan and Pipas, 2002).
The extreme example of genetic parsi-
mony emerged when the genome of the
bacterial virus fX174 was sequenced in
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lated in two different reading frames to
produce proteins with totally different
amino acid sequences and functions
(Barrell et al., 1976). We do not know
how this arrangement evolved, but it is
socked-in now.
A final strategy used by viruses to mini-
mize the size of their genomes is to
encode tiny proteins. Often smaller than
100 amino acids, these microproteins
are widely used by both RNA and DNA
viruses (Pinto et al., 1992; Satheshkumar
and Moss, 2012). Some of these proteins
act independently, but others function by
binding to cellular proteins and modu-
lating their activity. In the case of bovine
papillomavirus, the E5 oncogene encodes
a 44-amino acid transmembrane protein
that binds and activates the cellular
platelet-derived growth factor receptor
to induce cell transformation (Talbert-Slagle and DiMaio, 2009). Why synthesize
a 1,000 amino acid tyrosine kinase
encoded by a 3,000 base pair gene,
when you can co-opt the cellular enzyme
and replace the ligand with a wisp of
a protein, encoded by a mere 132 base
pairs of DNA?
Viruses have taught us how to live in the
fast lane. Identify your core requirements,
jettison unneeded baggage, be stingy
with limited resources, and recycle. And
find a generous patron.REFERENCES
Barrell, B.G., Air, G.M., and Hutchison, C.A., 3rd.
(1976). Nature 264, 34–41.
Berk, A.J., and Sharp, P.A. (1978). Proc. Natl.
Acad. Sci. USA 75, 1274–1278.
Choo, Q.L., Kuo, G., Weiner, A.J., Overby, L.R.,
Bradley, D.W., and Houghton, M. (1989). Science
244, 359–362.Cell Host & MicrobeJacks, T., and Varmus, H.E. (1985). Science 230,
1237–1242.
Jacobson, M.F., and Baltimore, D. (1968). Proc.
Natl. Acad. Sci. USA 61, 77–84.
Liddington, R.C., Yan, Y., Moulai, J., Sahli, R.,
Benjamin, T.L., and Harrison, S.C. (1991). Nature
354, 278–284.
McCutcheon, J.P., and Moran, N.A. (2012). Nat.
Rev. Microbiol. 10, 13–26.
Pinto, L.H., Holsinger, L.J., and Lamb, R.A. (1992).
Cell 69, 517–528.
Raoult, D., Audic, S., Robert, C., Abergel, C.,
Renesto, P., Ogata, H., La Scola, B., Suzan, M.,
and Claverie, J.M. (2004). Science 306, 1344–
1350.
Satheshkumar, P.S., and Moss, B. (2012). J. Virol.
86, 1696–1705.
Sullivan, C.S., and Pipas, J.M. (2002). Microbiol.
Mol. Biol. Rev. 66, 179–202.
Talbert-Slagle, K., and DiMaio, D. (2009). Virology
384, 345–351.11, June 14, 2012 ª2012 Elsevier Inc. 561
